Summary Although oxidized low density lipoprotein (LDL) exists in plasma from diabetic patients, there are few studies on its biological activity. Thus, we investigated the biological potency of LDL plus intermediate density lipoprotein fraction isolated from 12 non-diabetic and 24 non-insulin-dependent diabetic subjects of similar age and body mass index, in order to induce monocyte chemoattractant protein-1 (MCP-1) mRNA expression in cultured human endothelial cells. MCP-1 mRNA content in the cells exposed to the lipoproteins isolated from the diabetic patients was significantly higher than that from the control subjects (p < 0.001). The increment of MCP-1 mRNA content was positively correlated with not only HbA 1 c (r = 0.58, p < 0.0001) but also lysophosphatidylcholine (LPC) content in the lipoprotein (r = 0.46, p < 0.005) and was negatively correlated with diene formation lag time as a marker of Keywords Oxidized lipoprotein, free radical, atherosclerosis, endothelial cells, antioxidants.
monocytes [14] ; inhibits vasodilatation [15] ; and modulates gene expression of various growth factors, adhesion molecules and cytokines [16, 17] . Thus, it is clear that lipoproteins oxidized after being incubated with cells or a heavy metal ion in vitro have atherogenic potency. However, there have been few studies on the biological activity of lipoproteins oxidized in diabetes. Although their clinical relevance is not well established, it has already been shown that LDL from diabetic patients stimulates intracellular cholesterol accumulation in human macrophages [18] and intimal aortic cells [7] .
We investigated the effect of the lipoproteins obtained from patients with NIDDM on modulation of gene expression in human umbilical vein endothelial cells (HUVECs) to address other potential roles for diabetic lipoproteins. Monocyte chemoattractant protein-1 (MCP-1) is a specific chemoattractant factor for monocytes and is strongly expressed in human atheromatous plaques [19, 20] . Therefore, MCP-1 is thought to be a crucial factor in early stages of atherogenesis. Moreover, it is suggested that transcription factor nuclear factor-κB (NF-κB), which is regulated by oxidative stress, may contribute to gene expression of atherogenic factors such as MCP-1 [21] . Furthermore, it has been reported that NF-κB is regulated by the intracellular redox state [22] ; thus, both activation of NF-κB and increased MCP-1 mRNA content in the cells which are induced by oxidized lipoprotein may be normalized by treating the cells with antioxidants.
Therefore, in the present study we studied whether: 1) the lipoprotein fraction containing IDL and LDL isolated from patients with NIDDM had increased ability to induce production of MCP-1 mRNA as compared with that from non-diabetic subjects; 2) any characteristics of the lipoprotein as an oxidatively modified lipoprotein were correlated to its activity to increase MCP-1 mRNA content; and 3) the lipoprotein was able to induce activation of transcription factor NF-κB through free radicalmediated mechanisms in endothelial cells. These results indicate that lipoprotein lysophosphatidylcholine (LPC) content is a good marker for the ability to induce gene expression of MCP-1 in endothelial cells.
Materials and methods
Subjects. Twenty-four NIDDM patients and 12 non-diabetic control subjects were studied. Non-diabetic subjects were diagnosed according to the World Health Organization criteria of a 2-h plasma glucose level less than 11.1 mmol/l [23] , and were matched for age, sex, and body mass index (Table 1) . Duration of diabetes was 11.6 ± 1.6 years. Ten of the 24 diabetic patients were treated with oral hypoglycaemic agents (8 were treated with sulfonylurea and 2 with sulfonylurea plus an alpha-glucosidase inhibitor). Two of the diabetic subjects had macroalbuminuria (urinary albumin excretion rate greater than 200 m g/min) and 10 had microalbuminuria (urinary albumin excretion rate between 15 and 200 m g/min). Six of the diabetic subjects had background retinopathy and four had proliferative retinopathy. Five diabetic subjects had evidence of ischaemic heart disease on exercise ECG. Two control and 10 diabetic subjects had hypertension (based upon the criteria 140/ 90 mmHg) and were treated with either calcium channel blockers or beta-blockers, which had no antioxidant activity. Subjects who were cigarette smokers, or taking lipid-lowering agents, vitamins or antioxidative drugs were excluded from the study. Furthermore, subjects who had either hypercholesterolaemia (total cholesterol > 5.98 mmol/l) or renal insufficiency (serum creatinine > 106 m mol/l) were also excluded from the present study. Fasting plasma concentrations of glucose, triglyceride and total cholesterol were assayed by standard enzymatic methods. Apolipoprotein (apo) AI, apo B and haemoglobin A 1 c (HbA 1 c ) concentrations were measured by radioimmunoassay using a standard assay kit and HPLC (Daiichi Kagaku, Kyoto, Japan), respectively.
Materials.
A PD-10 column was purchased from Pharmacia (Uppsala, Sweden) and Silica gel 60 was obtained from E. Merck (Darmstadt, Germany). Minimal essential medium (MEM) was obtained from Gibco Laboratories (Grand Island, N. Y., USA). Oligonucleotides for mobility shift assays were obtained from Promega (Madison, Wis., USA). Probucol was provided by Dai-ichi Pharmaco. Co. (Tokyo, Japan). All other chemical reagents were purchased from Sigma Chemical Co. (St. Louis, Mo., USA).
Lipoprotein isolation. Venous blood was collected after an overnight fast into tubes containing EDTA (final concentration: 4 mmol/l) for preparation of plasma. LDL plus IDL (d = 1.006-1.063 g/ml) were sequentially fractionated by ultracentrifugation of the plasma according to the method described previously [24] and the preparations were sterilized by filtration (pore size, 0.45 m m). The lipoproteins were stored at 4°C under N 2 gas.
Cell culture. Human umbilical vein endothelial cells (HUVECs) were isolated and cultured according to the method described previously [25] . Cells were grown in MEM supplemented with 10 % fetal calf serum (FCS; Gibco) 90 m g/ml heparin (Novo Nordisk A/S, Copenhagen, Denmark) and 50 m g/ml endothelial cell growth factor (Boehringer Mannheim GmbH, Mannheim, Germany), in a humidified atmosphere containing 5 % CO 2 . The cells were used prior to passage 6. Results are mean ± SEM. a p < 0.001 vs non-diabetic control subjects
Northern blot analysis of MCP-1 mRNA content. The cells were cultured for 6 h in MEM containing 2 % FCS and 100 m g/ml LDL plus IDL fraction obtained from either non-diabetic control or NIDDM subjects. To study the effects of antioxidants on MCP-1 mRNA content in endothelial cells, the cells were incubated in the absence or presence of the lipoprotein with or without pretreatment of cells with either 50 m mol/l probucol for 20 h, 50 m mol/l a -tocopherol for 20 h or 0.1 mmol/ l deferoxamine for 1 h before exposing the cells to the lipoprotein. Then, MCP-1 mRNA content was measured by Northern blot analysis. In brief, total RNA was isolated from HUVECs by acid guanidium thiocyanate-phenol chloroform extraction [26] . Total RNA (20 m g) was separated by electrophoresis on 1.2 % agarose gels containing formaldehyde, and transferred onto nytran membranes (NY13; Achleicher and Schuell, Dassel, Germany). The human MCP-1 cDNA obtained by the method described previously [27] was labelled with [a- 32 P] dCTP (New England Nuclear, Boston, Mass., USA), then hybridized at 65°C overnight in a buffer containing 0.5 mol/l Na 2 HPO 4 , 1 % bovine serum albumin, 1 mmol/l EDTA, and 7 % SDS. After hybridization, filters were washed at a final stringency of 0.2 × standard sodium citrate (SSC) (1 × is 150 mmol/l NaCl, 15 mmol/l sodium citrate) containing 5 % SDS at 65°C. Autoradiography was performed with an intensifying screen at -70°C. Laser densitometry and digital analysis of scanned images were used for quantitative analysis of autoradiograms.
Measurements of phospholipid composition. Lipids were extracted from the lipoprotein fractions by the method of Bligh and Dyer [28] and then separated by two-dimensional thin-layer chromatography on Silica gel 60 plate with methyl acetate : 1-propanol : chloroform : methanol : 0.25 % KCl (25 : 25 : 10 : 6), followed by chloroform : methanol : water (65 : 35 : 6). Separated lipids were visualized using iodine vapor, scraped off and analysed for inorganic phosphate by the method of Bartlett [29] . Each phospholipid was identified by co-migration with standards. The concentrations of LPC, phosphatidylcholine, phosphatidyl ethanolamine, and sphingomyelin in the fraction were expressed as nmol Pi/mg apoB protein.
Measurements of LDL oxidation. The lipoprotein fraction was passed through a PD-10 column to desalt and remove the EDTA just before measurement. The protein concentration was measured by the method described previously [30] . LDL oxidation was measured by the method of Esterbauer et al. [31] in which 20 m mol/l copper was added to a spectrophotometer cuvette (U-2000; Hitachi Instruments Inc., Tokyo, Japan) containing lipoprotein (25 m g protein/ml in phosphate buffered saline), and the kinetic study of conjugated diene formation was monitored by changes in absorbance at 234 nm at 25°C at 10-min intervals. Susceptibility of the lipoprotein to peroxidation was quantified by the duration of the lag phase before the propagation phase of diene conjugation.
Electrophoretic mobility shift assay of NF-κB activity. HUVECs were incubated with the lipoprotein for 1 h and then rinsed with ice-cold phosphate buffered saline, scraped off and collected in tubes. To study the effect of probucol on NF-κB activity, the cells were pre-incubated with or without probucol (50 m mol/l) for 20 h before exposing cells to the lipoproteins. Nuclear extracts were prepared as reported previously [32] . The double-strand DNA probe (5 ′-AGT TGA GGG GAC TTT CCC AGG C-3 ′) was labelled by using [g- m g/ml poly dI:dC, 10 mmol/l Tris/HCl (pH 7.5), 50 mmol/l NaCl, 0.5 mmol/l EDTA, 0.5 mmol/l dithiothreitol, 1 mmol/l MgCl 2 , 4 % glycerol and 100000 cpm labelled DNA. Following the incubation, the samples were loaded onto a 6 % polyacrylamide gel in 0.25 × TBE (1 × TBE is 90 mmol/l Tris, 90 mmol/l boric acid, 2.5 mmol/l EDTA) and run at 150 V for 2 h. Gels were dried and visualized by autoradiography. For competition experiments, conditions were identical except that appropriate non-radiolabelled competitor oligonucleotides were added at a 100-fold molar excess to the reaction mixture before addition of nuclear extracts. The amount of nuclear protein was determined with Bio-Rad protein assay kit (Bio-Rad, Richmond, Calif., USA).
Statistical analysis
Values presented are mean ± SEM. Statistical analyses were performed with the unpaired Student's ttest. Significance was determined at the 95 % confidence level.
Results
Patient characteristics. Patients with NIDDM showed high levels of fasting blood glucose and HbA 1 c as compared with control subjects (Table 1) . No differences were observed in plasma lipid and lipoprotein levels between diabetic and control groups. The mean of both body mass index and fasting plasma insulin of the diabetic group tended to be higher than those of the control group, but those differences were not statistically significant.
Effect of the lipoproteins on MCP-1 gene expression in HUVECs.
To investigate the difference in biological activity of the lipoproteins containing IDL and LDL obtained from the diabetic and non-diabetic subjects, we used Northern blot analysis to measure the increase of MCP-1 mRNA content in HUVECs exposed to the lipoproteins. The accumulation of MCP-1 mRNA content peaked at 4 h and sustained the maximal level until 8 h after the stimulation. MCP-1 mRNA content in cells exposed to the lipoproteins obtained from patients with NIDDM was significantly (p < 0.001) higher than that from control subjects (non-diabetic control vs diabetic: 102.2 ± 12.0 vs 182.0 ± 12.4 %, when expressed as a percentage of the constitutional level) (Fig. 1) .
Relationship between characteristics of the IDL plus LDL fraction and its effect on MCP-1 mRNA content.
We characterized the oxidative modification of the lipoproteins, which had a biological ability to increase MCP-1 mRNA content. As shown in Table 2 , total phospholipid content in the lipoprotein fraction was similar between non-diabetic and diabetic subjects. However, the mean value of LPC content in the fraction obtained from diabetic patients was a 2.8 times higher than that from control subjects (p < 0.01). On the other hand, the other phospholipid contents were not significantly different between the two groups. To evaluate the susceptibility of the lipoproteins to oxidative stress, we measured the duration of lag phase of conjugated diene formation during copper-induced oxidation. The mean value of lag time showed no difference between non-diabetic control and NIDDM subjects (non-diabetic: 113.6 ± 18.0 min, NIDDM:105.5 ± 15.9 min), although the value in patients with poorly controlled diabetes was significantly (p < 0.01) shortened (67 ± 5.6 min, n = 12, at HbA 1 c 9.0 ± 0.3 %), when compared with that of diabetic patients in good glycaemic control (144 ± 28 min, n = 12, at HbA 1 c 6.4 ± 0.2 %).
We observed that the increase in MCP-1 mRNA content induced by the lipoproteins of both control and diabetic subjects was positively correlated with HbA 1 c level (r = 0.58, p < 0.0001) (Fig. 2 a) . Furthermore, LPC content in the lipoprotein was increased according to elevated plasma HbA 1 c concentrations (r = 0.60, p < 0.0001) (Fig. 2 b) and a weak negative correlation between diene formation lag time as a marker of oxidizability of the lipoprotein and HbA 1 c concentrations was found (r = -0.34, p < 0.05) (Fig. 2 c) . Consistent with those results, the increased MCP-1 mRNA content in endothelial cells exposed to the lipoproteins was positively correlated with LPC content in the lipoprotein (r = 0.46, p < 0.01) (Fig. 3 a) and negatively correlated with diene formation lag time (r = -0.33, p < 0.05) (Fig. 3 b) . (Fig. 4 a, b) . However, MCP-1 mRNA content in the cells exposed to the lipoprotein isolated from control subjects was not affected by either treatment (Fig. 4 a, b) . Moreover, deferoxamine (0.1 mmol/l), an iron-chelating agent, also significantly (p < 0.05) suppressed MCP-1 expression induced by the diabetic lipoproteins (deferoxamine-treated: 86.0 ± 4.9 % of basal vs the non-treated: 192 ± 9.9 % of constitutional level). (Fig. 5 a, b) . However, the level in the cells exposed to control lipoprotein was not affected by the deferoxamine treatment.
Effect of antioxidants on MCP-1 mRNA content induced by the lipoprotein.

NF-kB binding activity in HUVECs exposed to the lipoprotein.
To further clarify the role of cellular oxidative signalling induced by the lipoproteins, we investigated the activity of DNA binding of NF-κB in HUVECs exposed to the lipoproteins. In the present study, incubation of cells with only 2 % fetal bovine serum did not activate NF-κB activity. However, two (Fig. 6) were found in cells treated with 2 % fetal bovine serum containing either control or diabetic lipoproteins. Density of these bands was increased by the treatment of cells with the lipoprotein obtained from three patients with NIDDM (HbA 1 c level was 9.2 ± 0.5 %), when compared with those from a control subject (HbA 1 c level was 5.4 %) (Fig. 6 a) . The activation of endothelial cell NF-κB induced by the diabetic lipoproteins was inhibited by pretreatment with 50 m mol/l probucol for 20 h (Fig. 6 b) . A NF-κB-specific complex with higher mobility (in the lower band) was increased to a greater extent than that of a slower band in the cells exposed to the diabetic lipoprotein, which was completely inhibited by the probucol treatment.
Discussion
The aim of our study was to determine whether lipoproteins from NIDDM patients have a biological effect on gene expression of an atherogenic cytokine in cultured HUVECs. Previous studies indicate that lipoproteins oxidized in vitro have atherogenic ability [13] [14] [15] [16] [17] , but little is known about the biological activity of the lipoproteins modified in vivo. The present study showed that lipoproteins obtained from NIDDM patients increased MCP-1 mRNA content to a greater extent than that from control subjects. These results indicate that diabetic lipoprotein is possibly more atherogenic than that from control subjects.
Evidence indicates that circulating levels of several forms of modified-LDL including oxidative modified LDL are elevated in diabetic plasma [7] [8] [9] [10] . Therefore, lipoproteins may be oxidatively modified in vivo in diabetes and have potent biological ability to increase MCP-1 mRNA content in endothelial cells, since previous studies indicate that oxidized LDL can induce MCP-1 mRNA expression in cultured endothelial cells [17, 33] . LDL isolated from patients with NIDDM had increased levels of LPC [7, 8] . Consistent with these studies, LPC content isolated from patients with NIDDM was increased when compared with that from control subjects. Furthermore, in the present study, we also demonstrated that LPC content increased according to impaired glycaemic control. LPC is known to be a major phospholipid component of oxidized LDL and it has been reported that almost 40 % of phosphatidycholine is converted to LPC during in vitro oxidation [15] . Moreover, previous studies suggest that LPC itself has several biological functions of oxidized LDL, i. e. inhibits endothelial-dependent relaxation [15] ; stimulates smooth muscle cell proliferation [34, 35] ; stimulates production and release of heparinbinding growth factor from macrophages [36] ; and induces gene expression of several growth factors and adhesion molecules in endothelial cells [37] . We have already reported that LPC, in the pathophysiological range stimulates MCP-1 gene expression in HUVECs [27] . Therefore, it may be speculated that the increased LPC content in the lipoprotein, which is oxidized in vivo in diabetes, may play a crucial role in induction of MCP-1 mRNA expression in endothelial cells.
Oxidizability of LDL is known to be associated with the severity of coronary atherosclerosis [38] and is believed to be determined by not only antioxidants as inhibitory factors, but also lipid peroxides as stimulatory factors. In the present study, we could not find a significant difference in diene formation lag time between non-diabetic and diabetic subjects, although the lag time was shorter in patients with poorly controlled diabetes when compared with patients in good glycaemic control, as previously reported [11, 12] . Furthermore, there was only a weak negative correlation between diene formation lag time and ability to induce MCP-1 mRNA expression (Fig. 3 b) . These results indicate that shortening of diene formation lag time might be a weak indicator of its biological activity.
MCP-1 mRNA content induced by the lipoproteins from NIDDM patients was significantly decreased by treatment with probucol, a -tocopherol or deferoxamine. Oxygen radicals have been postulated as a second messenger for oxidized LDL-mediated gene expression of atherogenic cytokines including MCP-1 [39] [40] [41] . Therefore, antioxidants may interfere with intracellular radical signalling. Probucol and a -tocopherol act as free radical-trapping antioxidants and deferoxamine also inhibits hydroxyl radical formation through the activity of an iron-chelating agent. It has been shown that these antioxidants inhibit high cholesterol diet-induced atherosclerosis [42] , endothelial dysfunction [43] , and monocyte adhesion [44] . The present results are also consistent with minimally modified LDL effectively stimulating MCP-1 mRNA expression in endothelial cells through oxygen free radical-mediated mechanisms [45] . Thus, the oxidatively modified lipoproteins found in diabetic plasma may activate intracellular oxidative signalling which may contribute to MCP-1 gene expression in the cells.
NF-κB has been suggested to play an important role in atherogenesis [46] . NF-κB regulates gene expression of several growth factors or cytokines including MCP-1 [47-49]. We showed that lipoprotein isolated from NIDDM patients in poor glycaemic control significantly stimulated NF-κB binding activity in HUVECs to a greater degree than that from control subjects. Although we did not identify active components for the activation, it was almost completely inhibited by the pretreatment of cells with probucol. Therefore, these results also indicate that the oxidatively modified lipoproteins found in plasma of diabetic subjects with poor glycaemic control can activate radical-induced biological process in endothelial cells.
The present study suggests that LPC levels in the lipoprotein fraction which reflect oxidative modification of the lipoprotein are at least a possible atherogenic marker for biological activity of the lipoprotein found in diabetic patients. However, it should be remembered that other components of lipoproteins found in diabetic subjects, such as oxidized phospholipids [34, 50] or glycated lipoproteins [7, 10, 18] may not be excluded as candidate factors for inducing present gene expression in endothelial cells. Furthermore, biological lipoprotein activity should be further evaluated using aortic endothelial cells to evaluate its clinical relevance in the atherogenic process. Further investigation may provide new insights into the molecular mechanisms of atherogenesis in diabetes. a b Fig. 6 . a) NF-κB transcription factor binding activity in HUVECs exposed to lipoproteins obtained from control and diabetic subjects was detected in nuclear extracts of HUVECs by using electrophoretic mobility shift assays as described in Materials and methods. 
